Summary.-Chronically hypoxic cells were 5 times more resistant to Adriamycin (ADR) than exponentially growing oxic cells. On reoxygenation, resistance decreased slowly to reach the ADR sensitivity of oxic cells after 24 h. With increasing pH, ADR efficiency increased more in oxic than in chronically hypoxic cells. With increasing cell density, ADR efficiency decreased linearly.
ADRIAMYCIN (ADR) is a common drug used in the chemotherapy of a variety of malignant diseases. In clinical as well as experimental research it has been shown that there are considerable differences in the ADR sensitivity between different tumours. Martin & McNally (1979) showed that the ADR resistance of mouse tumours was not necessarily due to the resistance of tumour cells as such. Consequently, the specific physiological conditions to which cells are exposed in the solid tumour, i.e. the cellular microenvironinent, might be important for the cytotoxic action of ADR. We therefore investigated the dependence of ADR effectiveness on 3 factors which are specific features in tumours and can be copied in vitro, viz. acute and chronic hypoxia, changes of pH and cell density. These factors create physiological conditions which differ between tumours and exponentially growing cell cultures in vitro, and might contribute to the ADR resistance in some tumours. We measured the influence of these factors on the cytotoxicity and on the uptake of ADR into the cells in vitro.
MATERIAL AND) METHODS
B14 FAF 28 Chinese hamster cells were used. The cells were grown in Pyrex glass bottles with Eagle's minimal essential medium (MEM) supplemented with 10% calf serum, 100 mg/l neomycin and 350 mg/l NaHCO3, and kept in a humid CO2 incubator at 37°C.
The experiments were started after a 48h period of growth under normal conditions. For maintaining prolonged hypoxia the culture bottles were then continuously flushed with a mixture of 97 o N2 and 3 % C02, as described elsewhere (Born et al., 1976) . After 12-14 h of gassing, when the cells were chronically hypoxic, the drug was added. Three hours of gassing was used to produce acute hypoxia. By controlling the CO2 content of the gas mixture the pH in the culture bottles could be maintained at about 7-2, even during prolonged hypoxia. In the pH experiments with chronically hypoxic cells, the pH of the medium was adjusted by changing the CO2 concentration of the gas mixture.
In the experiments with oxic cells, the pH was adjusted by adding dilute NaOH or HCI.
Before the cells were plated after ADR exposure, the pH of each culture bottle was estimated by rapid aspiration of a sample of medium into a pH meter. ADR was diluted in Hanks's solution and added directly to the growth medium in the culture bottles. Cells were incubated for 0 5-3-0 h with ADR at 37°C. In the experiments with acute or chronically hypoxic cells, 0-5 ml of ADR solution was added by a syringe through a small silicone stopper during continuous gassing and distributed by thorough shaking of the bottles. After exposure to ADR the cells were washed once for 5 min with Hanks's solution, trypsinized, diluted and seeded. The flasks were incubated for 7 days at 37°C, the colonies stained with methylene blue and counted.
The intracellular concentration of ADR was measured fluorometrically by the method of Schwartz (1973) as described in EichholtzWirth (1980) . After incubating the cells with ADR, the monolayer was rinsed with Hanks's solution for 1 h at 37°C to wash out all unbound ADR. Then the cells were cooled to 4°C, scraped off, centrifuged and resuspended in 1 ml of Hanks' solution. The cell concentration was 106 per culture bottle; 2 x 106 cells were used per sample. To the lml cell suspension 0-2 ml of AgNO3 (33% w/v) was added and shaken vigorously. After further addition of 3 ml iso-amyl alcohol, the solution was again shaken and then centrifuged at 1,000 rev/min for 5 min, when 2 ml of the upper phase was transferred to a cuvette. The fluorescence intensity was measured at a wave length of 580 nm, using an activation wave length of 483 nm.
RESULTS
Exponentially growing Chinese hamster cells under normal conditions were much more sensitive to ADR than acutely or chronically hypoxic cells. Fig. 1 Reoxygenation was achieved by a rapid medium change, and the drug was applied immediately afterwards. The resistance of the reoxygenated cells to ADR persisted for hours, as shown in Fig. 2 . Cells were exposed for 1 h to 2 ,tg/ml ADR at different times after reoxygenation. About 24 h after reoxygenation, when the surviving cell population had divided at least once, the ADR sensitivity of oxic cells was reached.
To investigate the reason for the different toxicities of ADR to oxic and chronically hypoxic (hypoxic as well as reoxygenated) cells, intracellular concentrations of the drug were measured under both conditions. Fig. 3 shows the increase oxic -.- ferent tumours and tumour regions considerable differences in pH have been reported (Eden et al., 1955; Gullino et al., 1965; Ashby, 1966) . We therefore investigated the influence of pH on the action of ADR. Fig. 4 Regression lines were fitted assuming exponential curves, making no correction for the control surviving fraction. The curves show a gradual increase in slope with decreasing pH. At pH 7*5 the slope was steeper than at pH 6-4 by a factor of 2.5. Evidently, changes in pH greatly alter the slope of the survival curve after ADR, even under chronic hypoxia. Therefore the pH was carefully kept constant in all experiments.
Measurements of intracellular ADR at different pH under oxic conditions were made to see whether the differences in cell survival at different pH were due to different drug uptake. with the cell survival experimen in Fig. 4 ; at higher pH the int ADR concentration is higher by of ' 2. A third parameter which alters sensitivity of cells in vitro is cell d4 Fig. 7 shows the surviving fr oxic cells after 1 h exposure to ADR, as a function of cell den, regression line has a slope of 1 survival is proportional to cell The cells were always at pH in exponential growth, even at densities.
Measurements of intracellulz after 1 h exposure to 10 pg/ml different cell densities show corre results. Fig. 8 demonstrates t} 5 x 105 cells per culture bottle there is a steady decrease in intl ADR uptake with increasing cel] At lower cell density the data s; siderable scatter.
DISCUSSION
The effect of ADR on Chinese cells depends not only on expos (Eichholtz-Wirth, 1980 ) but als4 density, pH and 02 tension. investigated dose and time ra survival depends exponentially dose, whereas intracellular drug uptake is a linear function. With other cell lines the cell-survival curves generally show a resistant tail, in some for doses or exposure times higher than those used in our experiments (Martin & McNally, 1979 , 1980 Harris & Shrieve, 1979; Smith et al., 1980) . The differences in ADR efficiency under the various conditions investigated in this study were always accompanied by corresponding differences in drug uptake. As I Fig. 6 demonstrates, the increase of the '5o6 cells intracellular drug concentration at pH 7.4 reaches a plateau with increasing extraunder cellular dose. Assuming that 106 cells p1r ctol correspond to a volume of 10-3 ml the cells incorporate about 250 cg ADR/ml with 10 ,ug/ml in the medium, and 400 Its shown tcg/ml at 30 ,ug/ml in the medium. ADR racellular is thus actively transported into the cells. a factor The plateau of drug incorporation might be the result of intracellular saturation. the ADR Chronically hypoxic or chronically ensity.
hypoxic but reoxygenated cells are 5 times action of more resistant than oxic cells, as indicated 1 jug/ml by the slope ratio of the survival curves sity. The (Fig. 1) . Smith et al. (1980) , using V79
i.e. cell cells in suspension, found a similar effect. density. Their chronically hypoxic cells were 3-5 v7.4, and times more resistant than oxic cells, but high cell intracellular drug uptake was the same in oxic and chronically hypoxic cells; in ar ADR our study chronically hypoxic cells incor-ADR at porated 1-6 times less ADR than oxic .sponding cells (Fig. 3) . hat from In contrast, acutely hypoxic cells were upwards not as resistant to ADR as chronically racellular hypoxic cells (Martin & McNally 1980; our [ density. Fig. 1 ). Resistance increases with duration how con-of hypoxia. In the study of Smith et al. (1980) maximal resistance was reached after 6 h of hypoxia.
After reoxygenation this resistance persisted for many hours. Only 24 h after hamster reoxygenation the cells had regained the 3ure dose ADR sensitivity of the oxic cells, in our o on cell data (Fig. 2) and in the experiments of At the Smith et al. (1980) and Harris & Shrieve nge, cell (1979) . After 24 h the reoxygenated cells on ADR can be seen to have divided at least once; thus the daughter cells of those kept under chronic hypoxia have taken up normal proliferative activity and ADR sensitivity.
As we have shown earlier (Born et al., 1976) (Fig. 6) . At pH 7.4 and 6-5 the difference in intracellular drug uptake was only 2, though the cell-survival data of Fig. 4 for oxic cells suggest a much higher difference, again indicating the disproportion between cell survival and intracellular drug levels.
Our results do not allow a simple explanation for the different sensitivity of different tumours to ADR, but show the complexity of the processes which lead to cell damage by ADR. Physiological conditions not only affect drug uptake, but the efficiency of intracellular drug is also influenced by the metabolic state of the cells.
So far, the current hypothesis on the mode of action of ADR does not explain the influence ofthe physiological conditions reported here. Yet better understanding of these factors might help us to modify the ADR sensitivity of tumours and normal tissues.
